ABSTRACT Conventional fracture characterization model for low-permeability tight reservoirs cannot be directly built through data statistical method and simplified strain energy density method under high confining pressures. In this research, we make an attempt to establish a series of geomechanical models for prediction of fracture distribution in brittle reservoirs, especially for tight sandstone reservoirs. First, we emphasize that energy generated by tectonic stress on brittle sandstone can be distinguished into accumulating elastic strain energy, fracture surface energy, and residual strain energy and natural fractures can be interpreted or inferred from geomechanical-model-derived strains. For this analysis, we confirm 0.85 σ c as the key threshold for mass release of elastic strain energy and bursting of macrofractures, then deduce and build a physical relation model between fracture volume density and strain energy density under uniaxial stress state based on theory of geomechanics and CT scanning. Then on this basis, using combined Mohr-Coulomb criterion and Griffith's criterion and considering the effect of filling degree in fractures, we continue to modify and deduce the mechanical models of fracture parameters under complex stress states. Finally, all the geomechanical equations are planted into the FE platform to quantitatively simulate the present-day 3-D distributions of fracture density, aperture, porosity and occurrence based on paleostructural restoration of Keshen anticline. It is concluded that the evolutionary model, the Keshen structure, present to us is a distinct and intuitive top-pop-up fold with low amplitude and relatively low-density fractures in the top, has only experienced pre-folding stage and strong compression stage, and has not yet been developed to rapid uplift stage. Its predictions also agreed well with presentin-situ core observations and FMI interpretations.
I. INTRODUCTION
As important unconventional resource and clean-burning fuel, tight sandstone gas has been widely distributed in many countries of the world, such as U.S., Canada, Australia, Mexico, Russia, and China [1] , [2] , Song et al., 2017 . In general, tight sandstone reservoirs distinctively differ from conventional reservoirs, due to their unique geological features that dominates the oil-gas field development, such as great burial depth, strong diagenesis, strong heterogeneity, abnormal overpressure, low porosity and low permeability, and developed fractures [4] - [10] . In these tight low-permeability sandstones, the majority of reservoir spaces and seepage channels for hydrocarbon are primarily provided by widely distributed fractures, especially tectonic fractures, which can significantly and effectively improve the permeability of a reservoir and enhance hydrocarbon delivery to wellbores [11] - [18] .
Therefore, understanding and interpreting where and when tectonic fractures develop within a geological structure, along with their orientation, intensity and porosity, can be important in both exploration and production planning activities of tight sandstone reservoirs. However, how to predict fractures effectively is still a worldwide challenge [19] . And, the threedimensional characterization and modeling of subsurface tectonic fractures in deep tight gas reservoirs with complex tectonism and diagenesis is more difficult [20] - [24] .
Commonly practiced in fractured reservoir exploration and production, fracture prediction or modeling is typically based on geometric and/or kinematic models, such as analyses of fault-related folds and fold curvature [25] - [29] , seismic techniques or logging methods Mueller, 1992, [30] . These approaches, aiming to acquire the attributes of inter-well fracture networks, are useful in that they stick to the actual measured data and relate deformation to corresponding structural position [31] . While they are limited because they are specifically tied to ideal geometric models or simplified assumptions that may not completely reflect the multi-phase deformation behaviors and mechanical properties of underground rocks [12] , [20] , [31] , [33] , [34] .
Generally, tectonic stress field is the most important factor in controlling development and distribution of tectonic fractures in reservoirs [29] , [36] - [43] . Therefore, one important and efficient geomechanical method used in recent exploration and development of brittle reservoirs is studying concentrations and changes in paleotectonic stress field, determining critical process involved in fracture development, and combining various rupture criterions to predicting favorable zones of fractures Martin et al., 2003 , [18] , [28] , [29] , [31] , [65] , Hou, 2013, 2015 .
Numerical geomechanical modeling, such as finite element method (FEM), boundary element method (BEM) and discrete element method (DEM) are powerful tools for simulating the spatial and temporal development of geological structures [29] , [31] , [35] , [40] , [47] - [53] , Camac et al.,2009 , Wyrick and Smart, 2009 , Ju et al., 2016 . We have found the application of finite-element-based (FE) geomechanical models to have excellent potential toward understanding and interpreting natural fractures in geologic structures. Finite element modeling allows complex geometries (e.g., faults and mechanical stratigraphy) to be combined with realistic material models to produce physically realistic and mechanically rigorous forward models. The basic premise of this approach is that geomechanical model-derived permanent strains can be located in terms of fracture characteristics (i.e., location, orientation, and intensity). The kinematic history is also captured with this approach, which further permits tracking of the spatial and temporal evolution of stress and strain in deformed rock or bedding [29] , [31] , [47] , [54] , [55] , Tutluoglu et al., 2015 . However, almost all geomechanical modeling approaches for quantitative fracture prediction have been based on distributions of stress-strain, strain energy density, or rupture rate [12] , [38] , [56] - [58] , [60] - [63] , King et al., 1994 , Kawakata et al., 1997 , Suzanne et al., 2012 , Adnan et al., 2013 , but far less commonly with further mechanical model between fracture parameters and strain energy density during different deformation stages.
In this study, as an attempt, we use rock mechanical tests and X-ray CT under uniaxial and triaxial compressive conditions to establish quantitative relationships between strain energy density and density, aperture, porosity and permeability of fractures in brittle tight sandstone reservoir, based on simulations of palaeotectonic and current stress fields. We combine field structural geology and Theory of Fault-related Fold to restore the tectonic evolution history of Keshen anticline in the Kuqa Depression, then use FEM to better simulate 3D paleotectonic stress field during the entire deformation process of faults and folds. Further, based on composite fracture criterion, we plant the mechanical models into numerical simulation platform to predict the development and distribution zones of tectonic fractures in finite element models, which can be effectively verified by the measured fracture density from drilling cores and imaging logs. This method of predicting fractures can provide an important technological approach to the efficient exploration and development of low-permeability tight gas in the study area. 
II. GEOLOGIC SETTING
The Kuqa Depression is located at the northern margin of the Tarim Basin between the South Tianshan Orogenic Belt and the Northern Tarim Uplift (Figure 1 ; Huang et al., 2006) . Structures that develop widely in the Kuqa Depression during the Cenozoic Period are dominated by thrust faults and related folds. Laterally, the Kuqa Depression can be divided into three structural belts and two sags, which are, from north to south, the northern monocline belt, the Kelasu structural belt, the Baicheng sag, the Kuqa depression, and the Qiulitage structural belt (Figure 1 ; [64] , [65] ). The Kuqa Depression is recognized as one of the major Cenozoic depocenters along the margin of the Tarim Basin because it has experienced VOLUME 6, 2018 a complex evolution since the Late Cretaceous with the northward movement of the Indian sub-continent and the southward thrusting of the South Tianshan [66] - [68] . The Keshen gas field is situated in the footwall of Kelasu tectonic belt, south of Kela fault, and displays a narrow anticline with a structure amplitude of less than 500m. The top of the Keshen gas field is cross-cut by several faults striking E-W to become complicated, acquiring a dip in the southern wing ranging from 16 • to 20 • and in the northern wing ranging from 19 • to 23 • (Figure 1) .
Fracture intervals in the Keshen gas field consist of Cretaceous delta front rocks (the Bashijiqike Formation, K 1 bs), which are dominated by fine sandstone, siltstone, and mudstone with limited sandy conglomerate. These beds reach a total thickness of up to 290m within the study area and are divided into three members according to lithological cycles and interbeds [65] , [69] . The porosity of the Bashijiqike reservoir, as determined by core tests, ranges from 2-7%. Permeability of the reservoir lies in the range of (0.05-0.50) × 10 −3 µm 2 , while fracture permeability can reach (1.00-10.00) ×10 −3 µm 2 . In summary, the above evidence indicates that the Keshen gas field belongs to a typical ultra-deep low-porosity and low-permeability tight sandstone reservoir. Based on quantitative observation and statistical description in drilling cores and formation micro-imaging (FMI) (Figure 2 ), simultaneously using field outcrops for reference, the fractures most frequently encountered in the reservoir of the area are planar discontinuities that are sub-perpendicular to the bedding and can be divided into three basic types, namely tension fracture, tenso-shear fracture, and shear fracture, respectively accounting for 79.5%, 18.7%, 1.8 % of the total fracture volume (Figure 2a, b) . The shear fracture has a straight rupture plane, a longer extended distance than the other two types, and in most cases can cut through rock grains. The tensional fracture has a dendritic structure, a relatively shorter distance, and frequently bypasses rock grains, wherever they are observable by drill core and FMI. The fractures present in the Bashijiqike Formation can be subdivided based on orientation into four distinct, mutually abutting fracture sets oriented NW-SE (set I), NNE-SSW (Set II), NE-SW (set III) and nearly EW (set IV), among which the former two sets are dominant (Figure 2a) . On minor faults associated with the southern major fault, several kinematic indicators show a sinistral strike-slip motion (Figure 1) (Figure 2d ). The fracture density generally contains linear density (1/m −1 ) and volume density (m 2 /m 3 ), and the former is an important parameter to illuminate the development and distribution characteristics of fractures [29] , [74] . Observations made in the drilling cores of the tight sandstones in the limbs and top of the anticline show obvious relationship between fractures and structural positions. Vertical fractures and echelon fractures mainly distribute in the fold hinge area, with linear density ranging from 1.2 /m −1 to 1.5 m −1 and length and vertical extent often greater than 10m (Figure 2c ). Structures in two limbs are mainly composed of high-angle conjugated fractures with linear density reaching up to 2.33 m −1 , that is characteristic of systematic joints as defined in [75] and [76] . On the whole, the fracture density has higher value in limbs than that of hinge area, and has higher value in southern limb than that of northern limb. However, near the fault zone, there has the highest fracture density value (9.36 m −1 ), which can be called the fracture damage zone (Figure 2c) .
Due to the effect of stress unloading after exposure to ground, the physical parameters of fracture network will change slightly relative to underground conditions, such as fracture aperture, porosity and permeability. With fine integration of core observation and well-logging data, the detailed parameters of tectonic fractures can be obtained detailedly and subtly. It is shown that most fracturein K 1 bs are unfilled and slight-filled, which accounts for more than half of the total fracture number (approximately 72%) (Figure 2e ). In contrast, only 17 percent of total fractures are most-filled and full-filled, with calcite and dolomite as the main fillings, followed by small amounts of mud and carbon. The statistical result shows that the fracture aperture in this study area has a bimodal distribution with the main peak range of 0-0.2 mm and 0.4-0.6 mm, and the former dominated in addition (Figure 2f ).
III. EXPERIMENTS A. EXPERIMENTAL SAMPLES
Based on the analysis of core and thin slice, lithologies of K 1 bs in the Keshen gas field were dominated by lithic feldspar sandstone, followed by feldspar lithic sandstone and little feldspathic sandstone. The sandstones were medium grained (0.5-0.25mm) and fine grained (0.25-0.05mm), strongly cemented, medium to well sorted, containing much cement between the particles, such as calcspar, clay and silica and had an average density of 2.598 g/cm 3 . The mineral components of sandstone were 45% quartz, 32% feldspar, 18% debris, and 5% clay. The result showed that K 1 bs belonged to medium hard to hard brittle sandstone, which will have strong macro elastic-brittle characteristics. Fifteen tight sandstone samples were obtained from drilling cores of K 1 bs by drilling along the direction of the bedding plane and made as the standard test sample of rock mechanics (25 mm× 50 mm). Six samples were first prepared for microscale rupture observation with micro-CT under uniaxial stress, and other nine samples were selected for testing of rock mechanics properties under different confine pressure (Figure 3a) . The principles of rock selection for X-ray CT scanning are: a) representative tight sandstones (varigrained, good sorting and brittle); b) relatively intact rocks including as little as original microfractures; c) relatively high uniaxial compressive strength; d) similar lithology and physical properties (i.e., similar depth). Unlike the former, tight sandstone rocks are selected for mechanical tests, such as unixaxial compression test, and triaxial compression test and Brazilian splitting test, mainly taking into account their low porosity and variety in mechanical strength. Especially, samples for triaxial experiments can be divided into several groups according to their lithology and properties. Strictly, each group contains at least three samples, all of which are extracted from almost the same depth of cores, with similar lithology and mechanical properties. All samples were processed according to ISRMsuggested methods (ISRM, 2007) with a core diameter and length of 25 mm and 50 mm, respectively, ends ground flat to 0.01 mm, and vertical deviation of less than 0.25 • .
B. EXPERIMENTAL DEVICES AND PROCESS
In this paper, the Uniaxial/Triaxial Mechanics Instrument (ITEM: TAWA-2000) is used to simulate the failure process of rocks. This is a hybrid loading instrument with a maximum axial pressure of 2000 kN and a maximum confining pressure of 140 MPa used for uniaxial compression and triaxial compression tests. The rock samples were cored in different directions with respect to the plane of initial fracture that comes from the Bashijiqike Formation (K 1 bs). Triaxial tests were carried out via the multi-stage loading method with a loading rate of 0.01 mm/s. Over the course of loading, the confining pressure was manually set to seven stages at an interval of 5 MPa (0, 5, 10, 15, 20, 25 and 30 MPa) as the axial pressure increased up to peak stress. At all times, axial loads exceed confining pressure by no more than onetenth of the rock uniaxial compression strength (UCS) [70] . In this way, the mechanical parameters of tight sandstone were acquired, which included the tensile strength (σ t ), shear strength (τ s ), Young's modulus or elastic modulus (E), shear modulus (G), Poisson's ratio (µ), cohesive strength (C 0 ), and friction angle (ϕ). Simultaneously, complete stress-strain curves and peak strength (σ c ) were then acquired via strength tests under uniaxial stress, and the maximum peak strength was obtained when the confining load was gradually close to true underground conditions (Table 1 and 2). The scanning experiments and mechanical tests have been conducted at the CT laboratory, Research Center of Oil & Gas Flow in Reservoir, China University of Petroleum (Figure 3b ). Six cylindrical sandstone samples were tested on a Micro XCT-400 CT scanner, with the maximum pixel of CCD (Charge Coupled Device) reaching 2048 × 2048 and the spatial resolution less than 1 µm. The CT scanner is equipped with high-resolution 3D X-ray imaging system, with capacity of containing samples up to 300 mm in diameter and 15 kg in weight. Initial CT scanning and optimization of the samples are needed at a relatively low accuracy. The initial 2-D scanning tests were performed to obtain rough structure information from sliced layers at 10 mm intervals along the sampling axis, as shown in Figure 3c and 3d. Thus, the relatively intact sample rarely with original weakness planes were selected for further 3-D scanning tests.
In order to track and record the mechanical deformation process of six samples provided to classical uniaxial test in real time, a test system is designed consistent with the requirement of the CT scanner as in Figure 3b . The compression device is set as transparent for X-rays and made of low attenuation material, such as a beryllium tube and an aluminum tube around the sample. The sandstone sample in the pressure device is in turn put on the CT bed horizontally in order that the CT bed can be moved vertically or horizontally. Simultaneously, digital image processing systems are integrated with fracture mechanics theory to acquire and analyze the gray CT images sliced from scanning tests in real time after loading without uninstalling. The throttle adjustment will be stopped until the actual destruction, once the brittle VOLUME 6, 2018 sample approaches failure state and begins to deform rapidly accompanied with appearance of abundant microfractures. During the multi-stage test, the sample was loaded to various percentages of the peak stress (i.e., maximum strength σ c ) acquired from the previous uniaxial tests, and the crucial load increment between two cycles was determined by each rapid generation of mirofractures and macrocraks during uniaxial compression processes, approximately. Five times of scanning were performed in the loading process, at the initial loading, 25% of stress peak, 50% of stress peak, 65% of stress peak, 85% of stress peak, 100% of stress peak, and post-peak, respectively, with a CT slice thickness of 2 mm, 25 slices per scan. The CT scanning equipment includes a standard image processing workstation (i.e., XM Reconstruction and 3Dviewer methods) to reconstructs and visualize the data. Then the processed image data is imported into an Avizo (Mercury) software to accept subsequent processing, such as gray level correction, contrast adjustment, sharpening and binary segmentation, finally the clear images of CT sample at different layers can be obtained including breakdown structure and matrix structure (Figure 3d, e) . On a CT image, the bright color denotes the low-density part just as fractured zone or pores, and the dark color denotes the high-density part just like continuous rock matrix. After scanning, a series of continuous 2-D CT images at different layers were imported into digital processing software to complete 3D reconstruction of sample under different stress conditions and extract 3D fracture zones (400 * 400 * 400 pixel 3 ) after eliminating the skeleton [55] , [71] , as shown in Figure 4 . As mentioned above, although fractures can be quantitatively extracted from CT images, the workload is huge and the steps are tedious, when there are dozens of core plugs or thousands of microfractures. Reasonable classification based on principles of rock selection can greatly reduce the workload. For example, in this procedure the samples C3 and C5 were sufficient to represent main types of lithologies in Keshen area, whether in mineral composition or physical characteristics. Therefore, the multi-stage loading, 3-D scanning tests, calculations of fracture parameters should be conducted and analyzed at the CT laboratory first, until a critical point or stress ratio for massive fracture generation was obtained. Then, using it as the standard, the axial stress for other samples C1, C2, C4 and C6 could be gradually increased up to the fixed stress ratio, meanwhile real-time CT scanning for fracture evolution would be conducted. 
C. QUANTITATIVE STATISTICS OF FRACTURE PARAMETERS
After the foundation of 3D digital core plugs, detailed statistics of fractures parameters and vugs/pores such as the fracture length, aperture, density, orientation and density, and original vug size are important for characterizing the mechanics properties of tight sandstone rock. However, to establish geomechanical models between stress, strain and fracture parameters, it is necessary to distinguish fractures and vugs from CT images based on effective image processing method [72] . As irregular morphology (e.g., nearly round, calabash-shaped or curviplanar) and various sizes after image processing, the microscale pore-throats were calculated to be 5-90 µm in diameter and primarily distributed in isolated points, and locally in strips (Figure 4a , b, c). In contrast, the original microfractures developed in intact rock samples were measured to be 5-15 µm wide and 300 µm long, mainly took on three kinds of shapes: short intragranular fracture, straight rectangular fracture, and crooked grainedged fracture with sharp boundaries between grains. Then, the fractures and vugs in processed CT images at initial loading stage could be easily classified with visual observation, and the original vug volume was necessarily subtracted from subsequent total damage or fracture volume during each deformation stage.
As an important characteristic parameter for establishing geomechanical model between stress, strain and rupture volume density, the fracture volume density in brittle sample can be expressed in various ways, depending on the analysis method and scale [73] , [74] . In the study, we applied one of the simplest bulk definitions available to calculate fracture volume density as following: fracture volume density (m −1 ) = total fracture surface (m 2 ) / sample volume (m 3 ), and defined the fracture linear density as total number of fractures along a direction within the unit length. Additionally, as another important parameter for geomechanical model, the strain energy density corresponding to each crucial fracture growth stage can be fast calculated from stress-strain curves based on the generalized Hooke's Law [77] , [78] , for the purpose of identifying relationships between stress-strain and fracture parameters (Table 3 ).
IV. RESULTS ANALYSIS A. EVOLUTION OF FRACTURES UNDER THE UNIAXIAL COMPRESSION
Due to relatively high content of calcite (approximately 15%) as cement and more compact structure, the Young's modulus and uniaxial strength (i.e., peak strength) of calcareous sandstone samples (C5 and C6) were obviously higher than that of samples C1-C4 (Table 1) . However, fine sandstone and siltstone samples C1-C4 had lower failure strengths and shorter elastic segment on stress-strain curves than the calcareous samples, especially when containing a number of pre-existing microfractures. Under this microfractureed condition, the elasticity stage of the stress-strain curves, during which only extensional or shear failure would occur in the presence of pore pressure, also became shorter. Figure 4 and 5 provided an overview of microfracture evolution process under steady loading conditions that ultimately led to the overall destruction of rock, and the features of both of them were very similar. At the beginning, the preexisting microfractures in low-porosity rocks began to close with compression, allowing rocks to become dense, fracture aperture to reduce significantly. In this stage, most of the original microfracture length was less than 0.3cm. When the applied stress was 25% and 50% of the peak value, a few small new microfractures with random orientations began to initiate, among which the fractures with length ranging from 0.2cm to 0.3cm had relatively higher growth rate than other fractures of different scales (Figure 5a, b) . When the applied stress was increased to 65% of the peak value, growth rate difference gradually appeared among all different-scale fractures, such as the number of small-scale microcraks (length <0.3cm) still steadily increased, whereas that of relatively middle-scale fractures (length ranging from 0.4-0.6cm) rapidly increased at this stress stage, and that of fractures with length ranging from 0.3 to 0.4cm decreased instead. Undoubtedly, new generating fractures in this stage tended to grow preferentially in the stress direction (Figure 5b) . When the applied stress was increased to 85% of the peak value even after this point, there was a rapid increase in the number of all scales of fractures (except the length <1cm), which were of strong orientation and approximately equal in length., which indicated that fractures tended to develop along anisotropy when the angle between pre-existing microfractures and stress direction is low (< 30 • ). When the applied stress was increased to the peak value or even after this point, it was interesting that only the number of small-scale fractures (length < 0.2cm) and large-scale fractures (length ranging from 0.8 to 1cm) suddenly increased, in contrast, the other levels of fractures were almost invariable in number. It could be seen clearly for Figure 4 that these seemingly randomly distributed fractures formed in previous stages began to coalesce with one another along certain predominant direction until the formation of macrocraks, which further propagated along the stress direction approximatively. From above, for the development of different-scale fractures in tight sandstones, the key value 0.85 σ c could be regarded as a critical value, meanwhile combined with stressstrain curves of rock samples under uniaxial compression, the total evolution process of microfractures and macrofractures could be divided into three main stages (Figure 4d , Figure 6a & b) . Generally, these three stages were defined as the first compaction stage by initial damage (i.e., OAsegment), the second linear stage of elastic deformation (i.e., AB segment) [79] , Gale, 1982) and the third nonlinear stage of radial dilatation. From the above evidence, the breakdown of tight sandstone occurred as a result of intragranular and intergranular microfractures, which evolved through the development of the original microfractures, and subsequent aggregation and interconnection of the macrofractures. It could be concluded that a large number of new fractures appeared at the compression stress level of approximately 0.85σ c (i.e., point B in Figure 6b ), which could be defined as an indicator or precursor for micro-fractures to sprout and develop during loading. Xia et al. (1982) and [80] conduct uniaxial compression experiments on Mechanics Instrument with sandstone samples under various stress conditions and find that microfractures increases as stress boosted, especially when stress reaches or exceeds 0.85σ c or 0.88σ c . At this stress level, the number of fractures exploded instantaneously and the number of middle-scale fractures (0.6cm > length > 0.2cm) increased faster than that of small-scale and large-scale fractures. At the same time, the number of fractures with small angles with respect to principal stress (≤ 30 • ) increased faster than that of fractures with larger angles (> 30 • ) (Figure 5b ). While the axial stress reached peak strength at Point C (Figure 6a, b) , the overall macrorupture occurred along with a significant decrease in stress and a significant increase in strain. 
B. ESTABLISHMENT OF COMPOUND FAILURE CRITERION
As depicted in Figure 7a and b, three failure modes in the tight sandstone reservoir were identified: tension failure, shear failure, and mixed (tenso-shear) failure, and variations in failure forms and combination showed a transitional trend with various confining pressures. There are many reasons for the difference in failure modes, including variation in stresses, cohesion, friction, and mineralogy of rock Samples [81] . It was concluded that the calcareous siltstones had greater brittleness and were more prone to rupture than other sandstones, such as fine sandstone, siltstone, and argillaceous sandstone. For example, samples C1, C2, and C4 performed as tension-shear opening fracture type, while samples C3, C5, and C6 performed as shear fracture type with some tensile characteristics. Sample C2 was characterized by a series of tenso-shear micro-fractures that propagate into the macroscopic shear zone with an angle of rupture of less than 45 • , which just coincided with the Mohr-Coulomb theory.
In contrast, the rupture shapes derived from triaxial compression tests (Figure 7c ) of sample groups such as T1, T2, and T3 (respective confining pressures of 5, 10, and 15 MPa), and T4, T5, and T6 (respective confining pressures of 20, 25, and 30 MPa), were obviously different from those under uniaxial compression. It could be concluded that as the confining pressure increased, the shear action became stronger and the angle of rupture increased. Moreover, through many experiments, Li et al. (2009) , [70] , and [82] explore and discuss the possible conditions under which shear fractures can form under tensile stress state. It was implied that tensional criteria should be examined to determine whether extensional fracture occurred first. If no extensional fracture took place, then Mohr-Coulomb criterion would be selected to determine whether shear fracture occurred, which was called combined tension-shear failure criterion. An enveloping curve was then extracted from a series of Mohr circles derived from experimental results, resulting in a two-step Mohr-Coulomb curve [83] , as shown in Figure 8 . Here, in the two-step Mohr-Coulomb curve, ϕ 1 and ϕ 2 represented internal frictional angle under different confining pressures, k 1 and k 2 were the straight slope of the curves, and σ 0 was the cut-off value of confining pressure, which equaled to 5 MPa. Figure 8 implied a strong relationship between confining pressure and failure modes, i.e., when the confining pressure was less than a particular value, ϕ was quite large and θ = 45 • −ϕ/2 was small, extensional fracture would occur. When confining pressure was relatively large, the failure mode would transform to shear fracture or tensoshear fracture. The detailed relative equations involved in this transformation were as follows:
• , and θ = θ 1 = 45
and θ = θ 2 = 45
where σ 3 was the confining pressure (MPa), and θ is the angle of rupture ( • ). Hence, it was easily recognized that under a compression stress state, the two-step Mohr-Coulomb criterion was preferred in the case of tight sandstone [81] . However, under a tension stress state, the modified Griffith's criterion was preferred because the above-mentioned criterion was inapplicable. As a result, the criteria for siltstone and fine sandstone were selected as follows: 1) If σ 3 ≥ 0, the Mohr-Coulomb criterion would be selected first, that was,
where, if σ 3 > σ 0 = 5MPa, then ϕ = ϕ 2 = 41 • , and angle of rupture θ = θ 2 = 45 • − ϕ/2 = 24.5 • ; if 0 < σ 0 = 5MPa, then ϕ = ϕ 1 = 51.83 • , and angle of rupture θ = θ 1 = 45 • − ϕ/2 = 19.09 • ; and C 0 = 6.53 MPa as an actual value. 2) If σ 3 < 0, Griffith's criterion was selected first. Next, a discussion regarding special condition should be made (Griffith, 1920) .
If (σ 1 + 3σ 3 ) > 0, the relative criterion was
. (4) VOLUME 6, 2018 If (σ 1 + 3σ 3 ) ≤ 0, it was simplified to
C. GEOMECHANICAL MODEL OF FRACTURE PARAMETERS UNDER PALEOSTRESS 1) MECHANICAL MODEL OF FRACTURE PARAMETERS UNDER UNIAXIAL STRESS STATE
In Earth's crust, a geo-stress is characterized by a threedimensional state of stress, including two principal horizontal stresses (σ H and σ h ) and a vertical principal stress (σ v ) in most conditions [85] . When a rock mass becomes distorted over time within a stress field, much elastic strain energy accumulates throughout it (Cai, 2000, Rabinovitch et al., 2012). The energy intensity within the rock mass is typically characterized strain energy per unit volume based on the generalized Hooke's Law [77] , [78] , that is, strain energy density (Beer, 2012) , which is calculated as:
where σ 1 , σ 2 and σ 3 was the maximum principal stress, intermediate principal stress and minimum principal stress, respectively (MPa); E was the elastic modulus and µ was the Poisson's ratio. According to brittle fracture mechanics theory and maximum tensile stress theory, brittle rock will break when elastic strain energy accumulated in the brittle material equals the energy demanded for generating fractures per unit volume of the element [87] . Many practices show that like the carbonate rocks and volcanic rocks, tight sandstone is also characterized by strong brittleness [87] , Ding et al., 2011 . Generally, brittle macro-fractures occur with strain energy releasing, especially when the surrounding three-dimensional stress state reaches the rock's strength (Figure 6b ). At this time, part of the strain energy will be released as the surface energy of the new fractures while the rest will be released in form of elastic waves [89] . Nonetheless, compared with the fracture surface energy, elastic wave energy was so weak that it can neglected. We assumed that all of the fractures in this study were caused by the releasing energy and therefore, the law of conservation of energy must be abided:
where D vf was the fracture volume density per unit volume (m 2 /m 3 ); f was the strain energy density for new fractures (J/m 3 ), also was regarded as the residual strain energy density by current strain energy density per unit volume minus the elastic strain energy density for new fractures ( e ) (J/m 3 ); V was the unit cell volume (m 3 ); S was the surface area of the new fractures (m 2 ); J was the energy per unit area required for fractures, i.e., fracture surface energy (here, this energy was different from and had a far lower value than the theoretical value of molecular dissociation); coefficients a = 1 J , and b = − e J were relative coefficients, which could be derived by two methods: (1) Based on the values of J , e was calculated by physical concept and then a and b were obtained through conversion values. (2) Through experimental data, curve fitting and a statistical approach were employed to obtain the coefficients. In practice, the former has clearer physical meaning.
As stated above, with a uniaxial compressive strength level of 0.85 σ c as the peak period for the initiation of fracture swarm, the corresponding strain density energy was close to e in theory. In this case, we assumed that e is strain energy density at σ = 0.85σ c . This value would be entered in a formula to calculate J , and then the values of a and b could be confirmed. Based on the preceding mechanical experiments on tight sandstone in the Keshen area, the average uniaxial compressive strength of fine-median sandstone was identi- . Calculated values of J were presented in Table 5 .
Averaging J in Table 4 asJ = 1087.35J /m 2 , and substituting e = 1.133 × 10 3 J /m 3 into Equation (7), a quantitative relationship between strain density and fracture volume density was developed: To test and verify the reliability of e , a curve-fitting method was employed to calculate a and b. A comparison plot of the curve-fitting results versus data obtained by the mechanical experiments was shown in Figure 9 , from which the following linear relationship was obtained:
where the correlation coefficient reached 0.995, and the relative errors for coefficients a and b by two different methods were 12.6% and 17.3%, respectively, which are both within the permitted error range. It should be noted that regardless of whether the rock mass is intact or fractured, the fitting curve exhibited a positive linear relationship between parameters. Small deviations were explained by anisotropic mechanical properties, i.e., a combination of pre-existing weakness planes and unruptured rocks. Therefore, it was reliable that the necessarily overcoming elastic strain energy density for new fractures ( e ) could be replaced by the corresponding strain energy density at 0.85σ c both in theory and practice.
2) MECHANICAL MODEL OF FRACTURE PARAMETERS UNDER TRIAXIAL STRESS STATE
As supported by the experimental evidence, the relationship between strain energy density and fracture volume density is different under a complex state of stress than under a uniaxial state of stress but does not see popularity in practice Huang,1999, [57] . In the former case, the elastic strain energy, e , of a rock mass was determined not only by inherent mechanical properties, but also by the state of stress. Nevertheless, some similarity was still seen between triaxial compression test and uniaxial compression test curves. For example, once axial stress reached 0.85 σ max , a number of precursory micro-fractures would appear whose strain energy at this time is just equal to e . If the minimum principal stress, σ 3 , was given, and σ 3 ≥ 0MPa under a triaxial state of stress (in contrast σ 3 < 0MPa would represent a tensile state of stress), we obtained the minimum value of maximum principal stress for rock failure using the above-mentioned failure criteria and the following equation:
where the calculated σ 1 min didn't represent actual maximum principal stress, but exactly equaled bursting stress σ 3 . Here, for later convenience, we replaced σ 1 min with σ p :
Under any stress state
was substituted in Equation (11) to obtain σ 1 > σ p , and thus, met the rupture conditions, then the value of e corresponding to 0.85σ p was computed according to elastic theory. By combining Equations (6) and the generalized Hooke's Law [77] , [78] we got:
and by combining Equations (7) and (8) we
According to the previous researches from the study area (b) Relation diagram between fracture surface energy and confining pressure at depth. Unlike in the uniaxial compression condition, the rock will consume a certain amount of extra energy to resist confining pressure. The higher the confining pressure, the higher the fracture surface energy will be. strengths ( Figure 10a ) and could be expressed as:
where ϕ was the internal friction angle and C o was the cohesive strength of rock. Substituting Equations (14) and (12) into Equation (13), the Equation (14) was simplified to:
Undoubtedly, to fracture under confining pressure conditions, energy accumulated in the rocks must not only overcome the molecular internal cohesive forces, but also overcome the energy expenditure that naturally occurs to resist the confining pressure. As a result, the power per unit area required for fracture increases as confining pressure increased. A comprehensive superposition result was given by:
where J 0 was fracture surface energy without confining pressure or uniaxial compressive stress (J/m 2 ), J was the additional surface energy caused by confining pressure σ 3 (J/m 2 ), and µ was Poisson's ratio. Now, assuming a default fracture with aperture b, area S, and confining pressure σ 3 (Figure 10b ), we defined the work of σ 3 for the fracture as:
where
Combining Equations (16), (17) and (18) into Equation (8), we got the fracture volume density:
To determine the value of σ p , some conversions were required in Equation (19) . With experimentation, when σ p = σ 1 and strain value was given, the Equations (19) was equivalent to:
In actual reservoir development process, the linear fracture density is an important parameter that can demonstrate the development and distribution characteristics of fractures, which can be obtained from formula translation of fracture volume density D vf . Accordingly, if stress σ 1 , was tilted horizontally by an angle of θ from the fracture plane, the linear fracture density was calculated as follows:
where D lf was the linear fracture density (1/m); L 1 , L 2 , and L 3 were the lengths (m) in the directions of σ 1 , σ 2 , and σ 3 , respectively, in representative elementary volume (REV) (Figure 11 ). If stress, σ 1 , was parallel to the fracture plane, the linear fracture density was calculated as:
3) MECHANICAL MODEL OF FRACTURE PARAMETERS WHEN TENSIONAL STRESS APPEARS
Extensional basins always exhibit a Type Ib stress environment, which usually contains one horizontal negative (tensile) and one vertical positive (compressive) principal stress. These components of stress are both small in magnitude, within a range of 0-10 MPa. In contrast, when the rocks remain in the positive vertical stress, the compressional force is small enough to be neglected [90] . From the perspective of rock mechanics, compressional stress becomes smaller when nearing the ground surface. Under a stress state dominated by one or two extensional principal stresses, the condition must become σ 3 < 0 [91] , where the appropriate applied fracture criteria is not Mohr-Coulomb criterion this time, but Griffith criterion. The foundation of the corresponding stressstrain relationship is therefore slightly different from the Mohr-Coulomb relationship described previously Liu, 1996 , [92] . Based on the above, brittle failure was easier to produce under an extensional state than a compressional state. Under an extensional state, rock strength would rapidly decrease to zero after the point of peak strength without any precursor micro-fractures. In contrast, around the point of peak strength under a compression state, rock normally underwent several deformation stages with noticeable precursor micro-fractures and residual strength. The total accumulated strain was also greater than that of an extensional state.
In conclusion, under tension stress, mostly tension fractures or tension-shear composite fractures occurred and they occurred approximately perpendicular to the direction of maximum principal stress. At this time, an essential requirement must be satisfied where the elastic strain energy density for fractures, e , was equal to that of peak strength under uniaxial tension. Note that this was different from the elastic strain energy of 0.85σ max required under uniaxial compression.
Throughout the experiments, σ t , E, and the ultimate strain ε t were acquired. From there, e was computed as follows
Finally, we could obtain the fracture volume density:
According to the above description, when (σ 1 + 3σ 3 ) > 0, by Griffith criterion, there should be
and when (σ 1 + 3σ 3 ) ≤ 0, θ = 0, we got
4) RELATIONSHIP BETWEEN FRACTURE APERTURE AND STRESS-STRAIN
Using b as fracture aperture and d as space between fractures, and L 1 = L 3 = L, there should be:
Due to the relationship d >> b, the Equations (27) could be simplified to:
As shown in Figure 11b , when the included angle θ between fracture plane and stress σ 1 was greater than 0 • , the However, under the condition of fracture plane parallel to σ 2 , the linear density and aperture of fractures were both equal to zero. Based on the above analyses, we could find a very interesting thing that the product of both density and aperture remained the same as shown below:
where D lf 1 and D lf 3 were apparent linear fracture density in directions of σ 1 and σ 3 , respectively(1/m); D lf was the linear density perpendicular to fracture strike, namely true linear fracture density (1/m). In most cases, under the state of principal strain, the fracture aperture was mainly determined by tensile strain. For the sandstone materials with strong brittleness, the corresponding fracture strain was to be defined as ε f , which was dimensionless. Given the idea that under the action of the stress field the initial fracture growth could be driven by certain tensile strain (the rock had not yet broken), and the subsequent tensile strain was mainly caused by the microfracture initiation, then we got an equation:
Here was L = ε f × L 0 , which was substituted in Equation (31) to obtain new expression:
Because of 1 >> ε f , the Equation (30) was substituted in Equation (30) , and simplified to be: (33) where ε f = |ε| − |ε 0 |, ε was the tensile strain under currents stress state, dimensionless; ε 0 was the maximum tensile strain of rock elastic deformation, corresponding to the tension strain value when fractures began to sprout, which could be determined by mechanical experiments, dimensionless. For brittle tight sandstones, following the above compound failure criterions, we combine equations (35), (4), (5) and (11) to calculate the strain parameters required for the fracture aperture:
If the condition of Mohr-Coulomb criterion was reached, maximum tensile strain ε 0 could be calculated as:
Whereas if the condition of Griffith criterion was reached, ε 0 could be calculated as:
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5) THEORETICAL MODELS OF FRACTURE POROSITY
One key parameter for the producibility of tight gas reservoir is the fracture porosity, which is defined as the ratio of total fracture volume (V f ) to total rock volume (V t ) [79] . Generally, for a single set of fractures, the relationship between fracture porosity and fracture volume density and aperture was illustrated as:
However, for multiple sets of fractures, the calculation model of fracture porosity could be given as:
where m was the number of fractures b i was the aperture of group i (m) D vfi was the volume density of group i (m 2 /m 3 ) φ ft was the total fracture volume as decimal type.
6) MODEL OF FRACTURE OCCURRENCE
As we know, in a three-dimensional in-situ stress system, the calculation of fracture strike and dip depends on a reasonable projection of coordinates, where the x-axis aligns with the east-west direction, the y-axis aligns with the north-south direction, and the z-axis aligns with vertical direction. Thus, the strike angle (α) could be characterized in the x-y plane using the normal vector of its fracture surface. Heren = l m n denoted the cosine of the normal vector projected in the x-y plane, whose inclination angle with respect to y-axis (α Y ) was obtained via the following:
where α Y = arctan(−l/n) ( Figure 11 ). In the three-dimensional in-situ stress system of coordinates, the inclination angle between the lx + my + nz = 0 plane and y = 0 plane (α dip ) was defined as the inclination angle between the fracture surface and x-y plane, which was given by
D. GEOMECHANICAL MODEL OF FRACTURE PARAMETERS UNDER PRESENT-DAY STRESS
For our purposes, given the idea that the present-day stress field no longer generates new fractures, and the density and occurrence of fractures essentially remain unchanged, we can make further modification to the palaeomechanical models. However, under the influence of current 3D compressive stress, fractures close somewhat, and the seepage capability decreases. Considering the influences of the normal stress and shear stress on the aperture of a fracture, [90] and [91] derive an equation to calculate the aperture of a fracture due to the current in situ stress field as follows:
where b 0 and b were the original and current aperture of the fracture (m), respectively; σ n was the effective normal stress (MPa); b res was the residual aperture of the fracture (m); and σ nref was the corresponding effective normal stress (MPa) when the fracture aperture decreased by 90%.
As for the parameter σ nref , many researchers [90] , [93] - [95] have proposed different determination ranges based on a lot of experiments. Through a series of permeability tests under variable confining pressure, [95] shows that the reasonable value 30MPa should be applied to low-permeability sandstones with uniaxial compressive strength ranging from 30 to 70MPa. Because of minimum effects on total seepage capability, or difficult to be determined by conventional means, the parameter b res could be often ignored in calculations. Additionally, as a critical parameter, the effective stress σ n was the result of the normal stress acting perpendicular to fracture plane (compression assumed positive) minus the fluid pressure acting inside fracture [12] , [96] : σ n = σ n − P. Therefore, the equation for calculating fracture porosity under present geostress field is modified as:
As a common sense, the higher the filling degree in a fracture, the lower its aperture and porosity are expected to be. Consequently, for quantitative prediction of fractures, the effective aperture with respect to the filling degree should be used. Based on abundant statistics of core observations and FMI data, here we introduced a novel method of mineral filling coefficient to characterize the filling degree in fractures form the perspective of natural hydraulic fracturing [97] . In detail, under two limit conditions that when a fracture was most or full filled by minerals (calcite, quartz, gypsum or mud) the filling coefficient C was equal to 1, and when the fracture was almost unfilled, the C was zero. When the fracture was approximately half or more than filled, the C was assigned the value 0.5, but when the deposited minerals accounted for a quarter of the fracture volume, the C might be assigned 0.25 as the estimator. Therefore, this left us with two simpler expressions that was useful for estimating the effective fracture aperture and porosity relative to filling degree required for opening-mode fracturing as:
where b fe and ef were the effective fracture aperture and porosity, respectively; b m was the original fracture aperture when fillings hadn't occurred.
V. DISCUSSION A. GEOMECHANICAL SIMULATION OF TECTONIC STRESS FIELD
The modeling approach in this study utilized the Finite Element Method (FEM). Geomechanical models were run to simulate the paleostress and current stress distributions for prediction of fracture development and distribution. The general-purpose finite element code ANSYS (15.0, ANSYS, Inc., U.S.A) was selected for this study because it is wellsuited for analyzing geomechanical problems over a wide range of scales in one, two, and three dimensions Joshi et al., 2011, [31] , [35] , [98] , [99] . The initial three-dimensional model geometries were constructed for the restored geologic area constrained by field measurements during Pliocene Kuqa Period [67] and incorporated the generalized mechanical stratigraphy of the Bashijiqike Formation (K 1 bs 1 , K 1 bs 2 and K 1 bs 3 ). The average thickness of the K 1 bs 1 , K 1 bs 2 and K 1 bs 3 member within the FE model is set to be 50 m, 180 m and 65 m, respectively. The target zone associated with the upper cover layers (i.e. K, E, N Formations) and basement (i.e. J Formation) were considered as an isolated body or boundary conditions for simulation ( Figure 12a ). All model layers were discretized using primarily three-node triangle plane strain elements along with some four-node quadrilateral elements (approximately 311,226 total elements in the model). Based on regional analysis and acoustic emission of rocks, the Kuqa depression has primarily experienced three important thrusting movements during the Himalayan Period and Neotectonics Period, which can be defined as Early Initial Compressional Stage, Mid-term Strong Thrusting and Uplift Stage with greater slip displacement and Late Uplift and Recoil Stage with higher fold amplitude, respectively [29] , [31] , [55] , [68] . It was important that the Kuqa tectonic movement after Pliocene sedimentary was the crucial time of fracture generation in the Keshen reservoir, and the direction of maximum tectonic stress in the period was identified as nearly NNW352 • [29] , [55] , with a magnitude of about 370 MPa. Then, based on paleotectonic deformation, a methodology that included both inverse and forward methods was used to identify the magnitude of minimum paleostress field, which was about 70 MPa. Considering the Kuqa period after Pliocene sedimentary as the crucial time of fracture formation in the Bashijiqike reservoir, the cover layers are set to approximately 5500m thick. Consequently, in the first step, we selected the southern edge (hinterland side) as the fixed boundary in the simulated stratigraphy so that the Keshen anticline could uplift if the stress state was appropriate (Figure 12b ). The second step imposed a deformation of fault-related fold by forming a displacement boundary condition along the north (foreland) side of the model. The base of the model was pinned, a gravity load was applied to the entire model domain, and the system was allowed to reach equilibrium.
The state of in-situ stress is described by a stress tensor, which comprises three orthogonal principal stresses, each with an orientation and magnitude [100] , Houska, 2014, [102] . In this study, XMAC logging, acoustic emission test, hydraulic fracturing test and differential deformation analysis were the main and effective methods used to determine the magnitude of maximum horizontal stress (σ H ), minimum horizontal stress (σ h ) and vertical stress (σ v ) of drilling wells in the Keshen area ( Table 6 ). The horizontal stress orientation in the study area was determined from paleomagnetic correction, wave velocity anisotropy test, and drilling-induced fractures (DIF). As shown in Table 6 , the results indicated that the orientation of maximum horizontal stress in wells had obvious zoning characteristics, mainly ranging from NW322 • to NE 51 • . Interestingly, the direction of σ H in the central region was nearly northsouth direction, distinctly different from the that of western and eastern regions. From Table 6 we could see that the maximum horizontal stress values at different depths of the study stratum were significantly higher than that of vertical stress, which indicated that a Type III stress environment (i.e., σ H > σ v > σ h ) was widely developed in Keshen area at present. The study area is primarily affected by the southern Indian plate and northern Kazakhstan-Junggar plate, with approximately twice the force as that from the North China plate [103] . After several design improvements and repeated tests, the reasonable scheme for mechanical boundary condition (including stress and displacement constraints) were finally confirmed. A magnitude of 122 MPa was applied to the E90 • and W270 • boundaries of the nested model, respectively, as horizontal σ h (Figure 12 ). Simultaneously, A magnitude of 158 MPa was applied to the N360 • and S180 • boundaries of the nested model, respectively, as horizontal σ H . The vertical stress could be calculated and applied automatically in software based on gravitational acceleration. As for the variations of stress orientation with the slipping of boundary faults, we should take into account the extra shear stresses while applying loading conditions. In detail, we applied dextral and sinistral shearing stresses to the west VOLUME 6, 2018 and east boundaries, respectively, both with a magnitude of 130 MP.
To date, there has hardly any published anisotropic models of the paleo-stress field of compressional basins, no far any other stress evolution models. A major problem in paleostress models is our lack of knowledge of palaeomechanical parameters and their spatial and time-independent variation, which is the primary influencing factor to cause uncertainty of simulation results [104] , [105] . Here our study is focused on the paleo-folding stress field, as opposed to building a detailed and complicated model for the present-day field. Our relatively simple geomechanical model is not designed to include various lithofacies, whose palaeomechanical properties will result in heterogeneity of stress field distribution and great uncertainties in simulation results, both laterally and vertically. For simplicity, the mechanical parameters density of model, such as Young's modulus, and Poisson's ratio variables were set to the same value for each layer, respectively. Based on the above mechanical experiments, the material properties (i.e., density, Young's modulus, Poisson's ratio, friction angle, and cohesion) were assigned to the elements representing the various lithologies ( Table 7) . The processing method used to determine the material properties of fault zones is important to the outcome of the geomechanical modeling because it directly influences the results of numerical simulation, for instance, the distributions of stresses and fractures [43] , [99] , [106] . Generally, the Young's modulus of fault zone is just 65-85% of the elastic modulus of a corresponding normal stratum [42] , [43] , [65] , [99] , [106] , [107] , which indicates that the strength parameters of fault zone is obviously lower than that of intact rocks in tight sandstone areas.
B. PREDICTION OF FRACTURE DISTRIBUTION
According to above deduced geomechanical models with respect to the composite rock failure criterions, the initial fracture parameters (density, aperture and porosity) related to stress, strain and strain energy density can be calculated or directly extracted from the numerical simulations of paleostress field during the Kuqa tectonic movement of the Late Himalayan stage. Based on the simulated ancient fracture parameters, and considering the impact of current stress field on fracture properties, we could predict the spatial distributions of fracture aperture and porosity for each element/layer, which were displayed on Ansys platform. As for the spatial filling coefficients of fracture in modeling process, one effective method was to use cokriging which considered the paleofluid migration direction to interpolate the filling degree of different layers in the whole region, which was primarily constrained by well-point data. In this paper, compressional stress was positive and tensile stress was negative. The FE modeling method predicted the paleostress and current stress field and the spatial distribution of linear fracture density for each element/layer within the study area. In the Bashenjiqike Formation, the maximum principal stress (σ 1 ), indicative of compression, ranged from 360 MPa to 418 MPa (Figure 13a ). The minimum principal stress (σ 3 ), indicative of both compression and tension, mainly ranged from -5 MPa to 71.4 MPa (Figure 13b) . Figure 13b showed that weak tensile stress (i.e., negative values) was only distributed in the top of Keshen anticline, and consistent with the long axis of fault-related fold, indicating the most probable development zones of tension fractures. The distributions of three principal stresses were similar to each other, all of them were primarily fault-controlled and secondly fold-controlled. For example, after rapid energy releasing in the rock, the fault zone showed a lower stress values, and a transformation of stress field appeared near major faults, such as the higher stress values in the footwall and lower stress values in the hanging wall. Similarly, in the simulated current stress field, the distributions of maximum horizontal stress (σ H ), minimum horizontal stress (σ h ), and vertical stress (σ v ) were similar, and the gravity and boundary stresses played the major role within Keshen area (Figure 13c, d) . The maximum horizontal stress was horizontal, with values varying between 90 MPa and 263 MPa, indicative of compression. Relative lower σ H values mainly were located in the middle part of the gas field, and gradually increased to both east and west directions. Whereas the σ h values decreased from north to south in the gas field, which indicated that the stress concentration was primarily come from the resistance of southern plate.
As a whole, the simulated linear fracture density ranged from 1 to 9 m −1 in the plane (Figure 14a, b, c) . Horizontally, areas with well-developed tectonic fractures were mainly located in fold limbs, fault zones (such as the Wells A2-7, B2-3, B2-8 and B2-9), locations of changes in the orientation of faults, zones on footwall (such as the Wells A1-1, A1-2), and southern regions around front limb. Vertically, the bottom layer had a relative higher density than the top layer, such as fracture linear density of K 1 bs 3 is higher than that of K 1 bs 2 and K 1 bs 1 , indicating that it was highly fractured and more brittle. Additionally, as a comparison, the areas of high fracture aperture are roughly counter to the areas with higher fracture linear density, such as on top of the fold fracture aperture was high, but the fracture density was low, and in northern limb of fold the fracture density was high, but the fracture aperture was low (Figure 14d) . Vertically, the fracture aperture decreased with increasing strata depth, which was just opposite to the distribution of fracture density. However, the predicted well-developed and relatively well-developed areas of fracture density coincided with the areas with high fracture aperture, including the eastern fault zones near the Wells A-6 and A-7. As an important factor in determining the quality and yield of tight gas reservoirs, the distribution of present fracture porosity was very similar with that of fracture aperture. As shown in Figure 14e , the most well-developed porosity zones were mainly located in (1) the northwest, southeast, and middle of the study area; (2) around anticlines; (3) around faults; and (4) the upper thin sandstones. In the anticline area, vertically, fracture porosity gradually decreased from the anticline core to the wings. Comparison of different-scale faults showed that the influence of faults at the high point on fracture porosity was more significant than that in lower position. In fractures associated with faults at the lower position, core observations and other evidence suggested that cement might be easily deposited simultaneously with fracture opening and propagation, partially filling and decreasing the large aperture parts [20] . As illustrated in Figure 14e , the fractures simulated in the Bashijiqike Formation can be divided into four sets, namely set I (NW-SE), Set II (NNE-SSW), set III (NE-SW) and set IV (nearly EW), where the former two sets were predominant, which basically coincided with orientations in drilling cores and FMI. Set I fractures strike 295 • , oblique to the fold axial trend and boundary faults with acute angle, and were interpreted as a regional fracture set that was present before the Keshen anticline and with the stress field of sinistral rotation and compressive shearing. Set II fractures striking 20 • and set III fractures striking 65 • near fault zones, were interpreted as composite conjugate fracture set associated with faulting related to the NNW-oriented Himalayan compression during initial anticline growth. Set IV fractures striking 96 • , nearly parallel to the fold trend, were found mainly within the crest and were interpreted to have formed in response to local tensile stresses during folding.
As shown in Table 8 , the overall geomechanical FE modeling results at the wells were in agreement with in-situ core observations and formation micro-imaging (FMI). The average fracture density at Wells A2-7 and B2-8 in K 1 bs was as high as 9.36 m −1 and 5.62 m −1 , respectively, according to the core and FMI in-situ measurements, while modeling results yielded 9.04 m −1 and 6.18 m −1 , for the same two wells, respectively. Comparison diagram of all 12 sample spots in the Bashijiqike Formation indicated little error between the computed and in-situ results. Only a few samples showed relative errors in average linear fracture density greater than 20% and these larger relative errors were distributed along fault ending, such as Wells B2-9, A2-5 and A2-8. Compared with the traditional core observation method, important in-situ physical parameters (i.e., aperture and porosity) of fractures are more easily obtained by FMI interpretation and CT scanning accurately and continuously. As shown in Table 8 , the average relative error between the predicted fracture apertures and the measured fracture apertures in was not more than 20%, except for one well exceeding 35%. Similarly, based on data analysis, the majority of predicted fracture porosities had nice fit with the measured fracture porosities (average relative error <20%), indicating that the present prediction of tectonic fractures by geomechanical superposition method in the brittle tight sandstone regions was believable. As for the existing larger errors, it was inferred that probably the stress concentration phenomena induced by lithology variation or fault zone structure were still hard to be correctly reflected by normal FE mesh partition, which directly led to the uncertainty of simulation results including the development and distribution of tectonic fractures.
Additionally, based on the west-east well-tie section, a comparison between actual measurement results and simulation ones were conducted, which showed fine consistency ( Figure 15 ). Interestingly, net-shaped fractures were more likely to developed in sandstones than in mudstones, which was mainly due to the significant differences in mechanical properties of rocks. Generally, plastic shale sections with high Poisson's ratio, low Young's modulus and strong plastic characteristics are difficult to fracture [10] , [82] , [109] and are the favorable barrier for oil and gas migration.
But when the mudstone was relatively thick, some largescale fractures easily penetrated the interlayers completely, which indicated that the lithology difference could change the local stress distribution and played a critical role in fracture development. 
VI. CONCLUSIONS
An adapted geomechanical method was used to calculate the multiple parameters of fracture governing the development of the tight sandstone reservoirs for unconventional resources in the Kuqa Depression within Tarim Basin, China. This method was selected for its superior applicability in developed fracture areas after key tectonic movement and its adaptability to fit the FE modeling. Its predictions also agreed well with present in-situ core observations and FMI interpretation.
From the rock mechanics experiments under continuous loading, fracture evolution of tight sandstone (sometimes containing a small number of micro-fractures) was summarized into three stages: (1) initial compaction stage, (2) propagation stage, and (3) coalescence stage extracted from three-dimensional CT scan. When reaching peak shear strength, tight sandstone rocks experienced volume expansion and micro-fractures rapidly connect to each other. This value tended to be τ = 0.85σ c (σ c < 200 MPa), which was the critical sliding value mentioned in Byerlee's law [110] . From a microcosmic point of view, there existed only three failure modes in brittle rocks: shear fracturing, tensional fracturing, and composite fracturing, which depended mainly on confining pressure, principal stress intensity, and the preexisting plane of weakness. Fracture spacing was also an important factor influencing the strength of fractured rocks, but if multiple sets of fractures existed, the strength could be replaced by an equivalent strength or measured directly through mechanical tests. After many empirical experiments, a relationship between the fracture volume density and stressstrain of tight sandstone reservoirs was finally established. To this end, considering the superimposed effect of paleostress and current stresses, the expressions or geomechanical models were obtained for characterizing the ancient fracture parameters after key tectonic movement and present-day fracture property parameters under different stress states. These expressions/models could be incorporated into a program running on a finite element (FE) simulation platform, which had become a popular and effective modeling approach in the prediction of fracture generation and spatial distribution.
The geomechanical model was, however, limited to the strength prediction for fractured anisotropic rocks and triaxial testing conditions. Further study was suggested to extend the composite modified criterion for anisotropic rock masses and polyaxial testing conditions, with emphasis on the effect of diffuse heterogeneous pre-existing fractures. It would be a worthwhile endeavor to develop the fracture volume density geomechanical model into a comprehensive enough form to (1) consider the energy of plastic deformation and (2) predict the strength of transversely isotropic rocks in weakness planes of different directions when data is limited in one direction.
In Keshen gas reservoir, the fault activity played rather important role in controlling the development and distribution of tectonic fracture, while the fold uplifting only locally influenced the fracture development. Unlike other high-amplitude anticlines in Kuqa depression (i.e., Dina gas reservoir and Kela gas reservoir), most of the fractures in Keshen gas reservoir belonged to shear fractures and only a few tensional fractures developed in the core of anticline, which implied that the regional stress field during initial compression stage and midterm strong compression pre-folding stages still had the most influence on fracture development. Finally, this evolutionary model of the structures presenting to us was a distinct and intuitive top-pop-up fold with low amplitude and relatively low-density fractures in the top, had only experienced prefolding stage and strong compression stage, and had not yet been developed to rapid uplift stage.
